Abstract
Introduction

34
The combination of large areas of trace element contaminated soils associated with former 35 mining and smelting activities and the generation of green waste from domestic, agricultural 36 and silvicultural management of vegetation has resulted in the practice of remediating mine 37 contaminated soils with green waste composts and other organic wastes (van Herwijnen et 38 al., 2007b; Pichtel and Bradway, 2008; Farrell et al., 2010) . Composts generally increase 39 plant growth which can prevent wind and water erosion of contaminated soils (Tordoff et al., 40 2000) . In addition, cationic metals bind to exchange sites on the surface of organic matter 41 which reduces metal leaching from soils (Soler-Rovira et al., 2010) .
43
Earthworms represent a significant proportion of the soil fauna and are considered ecosystem 44 engineers owing to the role that they play in organic matter degradation, nutrient cycling and 45 hydrology (Jones et al., 1994) . For these reasons they have been the subject of innoculation 46 programes during the reclamation of degraded soils (Butt, 1999) . Earthworm inoculation 47 therefore has the potential to become a commonly used practice during remediation and 48 revegetation of metal contaminated mine soils. Earthworms are also able to colonise 49 contaminated land if climatic and material (organic matter, texture, pH, contaminant) 50 conditions are sutiable (Eijsackers, 2010) and so, when organic amendments are incorporated 51 into contaminated soils, it is likely that earthworms will colonise leading to changes in the 52 chemical, biological and physical properties of the soil.
54
We reviewed the impact of earthworms on the mobility and availability of metals and found 55 that in the majority of studies earthworms increase the mobility of metals (Sizmur and 56 Hodson, 2009). Recent experiments have identified that this may be due to the impact of 57 earthworms on the degradation of organic matter and subsequent release of organically bound elements and dissolved organic acids that lower the soil pH and lead to further mobilisation (Edwards and Bohlen, 1996) and so this effect would be observed to a greater extent in 84 experiments where two or more earthworms are incubated in each test vessel.
86
In the current study we used anecic L. terrestris to determine the impact of earthworms on the 87 remediation of contaminated soils with green waste compost. Treatments of either one or two 88 earthworms, with a constant earthworm:soil mass ratio, were applied to determine the impact 89 of earthworm interactions on the solubility, extractability and speciation of As, Cu, Pb and Zn 90 in two highly contaminated mine soils.
92
Methods
93
Soils and Earthworms
94
Lumbricus terrestris (5.1 g, SD = 0.70, n = 150) were sourced from Worms Direct, Ulting, Table 1 .
106
The aqua regia digestion of soil samples was carried out alongside an in-house reference 107 material traceable to BCR-143R -trace elements in a sewage sludge amended soil (Commission of the European Communities, Community Bureau of Reference) certified for
109
Pb and Zn and with an indicative value for Cu. Recoveries of these elements were 103 % (SD 110 = 2.4, n = 2) for Cu, 93 % (SD = 4.2, n = 2) for Pb and 90 % (SD = 0.81, n = 2) for Zn.
111
Arsenic was below detection limits in the in-house reference material ( 101 % (SD = 2.1, n = 2) for Cu, 106 % (SD = 0.5, n = 2) for Pb and 104 % (SD = 4.0, n = 2)
117
for Zn. Arsenic was below detection limits in the in-house reference material (detection limit
118
= 17 mg kg -1 ). resulted in two soil treatments (As/Cu and Pb/Zn), five compost treatments (0, 5, 10, 15, and 136 20 %) and three earthworm treatments (0 earthworms, 1 earthworm and 2 earthworms).
137
Earthworms were incubated in these test media for 28 days at 16 ºC in darkness.
139
At the end of the incubation the bags were emptied and the soil homogenised. Any bags 140 containing dead earthworms were disposed of and the soil was not used for further analysis.
141
A small sub-sample of the soil (c. 20 g) was air-dried (40 ºC), ground and sieved to <2 mm, compost amendment ( Figure 1 and Table 3 ). This was observed along with significantly 204 greater (p<0.001) soil pH and WSC due to compost amendment ( Figure 2 and Table 3 ).
205
There were significant (p<0.001) positive correlations between water soluble As and both pH In the Pb/Zn soil the concentration of water soluble Pb significantly (p<0.001) increased and
212
Zn significantly (p<0.001) decreased due to the compost addition ( Figure 1 and Table 3 ).
213
Lead was significantly (p<0.001) positively correlated to pH and WSC, while Zn was (Table 3) . and Table 4 ). The addition of compost also decreased the concentration of Cu present as the 227 Cu 2+ ion and increased the relative proportion of Cu bound to fulvic acids.
229
There was a significant (p<0.01) interaction (Table 4) with fulvic acids ( Figure 3 and Table 4 ). This was observed alongside significant (p<0.001)
244
increases in DOC and porewater pH with increasing compost amendment ( Figure 4 and Table   245 4). The addition of earthworms significantly (p<0.001) increased the concentration of both Pb Table 4 ). The inoculation of either one or two earthworms also significantly (p<0.001)
248
increased the concentrations of free Pb 2+ and Zn 2+ ions in porewater ( Figure 3 and Table 4 ).
249
The porewaters extracted from soils inoculated with one earthworm contained higher is due to the increase in soil and porewater pH brought about from the addition of compost with pH 6.8 to a soil with a pH of 4.1 ( (Masscheleyn et al., 1991) . This is an impotant observation concerning 261 the use of compost to remediate soils contaminated with As.
263
Whilst both water soluble As and porewater As concentrations were increased in the As/Cu 264 soil with increasing compost amendment, there was a decrease in soil pH in the As/Cu soil 265 brought about by earthworm activity, and this resulted in a decrease in the concentration of In the As/Cu porewaters there was a significant (p<0.01) interaction between earthworms and 274 compost on DOC and As concentration (Table 4 ). The addition of two earthworms decreased 275 both the DOC and As concentration in the unamended and 5 % amended soils, but increased Table 4 ).
320
The parameters that affect the solubility of an element in soils are the concentration of an 321 element in the soil solution and the ability for the solid phase to replenish the soil solution.
322
The main difference between the WSTE and pore water extractions was the soil to liquid 323 ratio. Pb/Zn soil and, while results appear cortradictory, they could be easily explained by the 386 impact of the earthworms on pH and mobile organic carbon.
388
The addition of two earthworms did not always have the same impact as one earthworm in 389 these experiments. This indicates that earthworms interact in the soil to affect soil chemistry.
390
In the As/Cu soil, the two earthworm treatments significantly (p<0.001) decreased the WSC Lumbricus terrestris (L.) on As, Cu, Pb and Zn mobility and speciation in contaminated soils.
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